Gene transfer by direct intramuscular injection of naked myotube cultures. Intramuscular injection of EBV-based plasmid DNA has been shown to be a safe, simple but dystrophin expression plasmids into nude/mdx mice relatively inefficient method for gene delivery in vivo. Eukaresulted in significant enhancement in the number of musryotic plasmid expression vectors incorporating the cle fibres expressing recombinant dystrophin compared Epstein-Barr virus (EBV) origin of replication (oriP) and with a conventional vector. This effect was observed for EBNA1 gene have been shown to act as autonomous epiover 10 weeks after a single administration. These results somally replicating gene transfer vectors which additionally indicate the potential advantage of EBV-based expression provide nuclear matrix retention functions. Prolonged vectors for focal plasmid-mediated gene augmentation expression of a LacZ reporter gene and recombinant therapy in Duchenne muscular dystrophy (DMD) and a human dystrophin was shown using EBV-based plasmid range of other gene therapeutic applications. vectors transfected into C2C12 mouse myoblast and
Introduction
Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder affecting one in 3500 male births. 1 The gene mutated in DMD and its milder form of Becker muscular dystrophy (BMD) encodes dystrophin, a large cytoskeletal protein of the spectrin superfamily. Mutations in the dystrophin gene result in the absence of dystrophin and dystrophin-associated proteins in skeletal muscle and other tissues. The early stages of DMD are characterised by repeated cycles of muscle fibre degeneration and regeneration. However, phagocytic infiltration and the replacement of myofibres by adipose and connective tissues are prominent features of the more advanced stages of the disease and result in a disruption of muscle architecture and function. 1, 2 Such is the course of the disease that DMD patients are usually wheelchair-bound before 12 years of age and die in their early twenties because of muscle weakness and atrophy. There is as yet no effective therapy for DMD, however, since this disease is caused by the mutation of a single recessive gene it may be considered as a candidate for gene therapy. [3] [4] [5] [6] Various studies have shown that full-length and Becker-type mini-dystrophin (6.3 kb) cDNA gene transfer is able to prevent the onset of dystrophy in dystrophindeficient mdx mice. 3, [7] [8] [9] [10] The mdx mouse has a point mutation in the dystrophin gene which results in the virtual complete absence of the protein. Using adenoviral and retroviral vectors for gene delivery several studies have shown that both full-length and truncated forms of dystrophin are able to locate to the sarcolemma of muscle fibres of mdx mice. 4, [11] [12] [13] Viral vectors do, none the less, have several disadvantages with respect to safety and efficacy. In contrast, nonviral gene delivery systems offer the advantage of relative simplicity of preparation, avoidance of the size constraints of viral packaging, reduced toxicity and immunogenicity, and a generally advantageous safety profile. The main disadvantage of nonviral gene delivery, however, is the relative low efficiency of these methods in general. Development of delivery systems including direct plasmid DNA injection, 7 lipofection, 14, 15 HVJ-liposomes, 16 ligand-directed gene delivery and particle bombardment, 17 have attempted to overcome this. In addition to problems of delivery, the plasmid-based eukaryotic expression vectors conventionally used do not replicate and so are not retained in the nucleus of rapidly dividing cells, with plasmid DNA being rapidly diluted. 18, 19 Furthermore, loss of plasmid DNA may also be unavoidable even in nondividing cells due to lack of nuclear matrix retention, and subsequent degradation and loss through the nuclear envelope.
Epstein-Barr virus (EBV)-based episomal artificial chromosome vectors are nonviral gene transfer plasmid vectors carrying the EBNA-1 gene and the EBV origin for plasmid replication (oriP) as trans and cis elements for DNA replication. 20 In the context of a eukaryotic expression plasmid, the oriP and EBNA1 elements confer the functions of autonomous episomal replication and nuclear retention in primate cells, but generally only the latter function in rodent cells. 21 EBV-based vectors have thus been widely applied for gene transfer studies in human cells but much less so in rodent cells. However, in the presence of EBNA-1 protein, the repeat components of the EBV oriP are able to prolong the retention of replicating or nonreplicating vectors in dividing rodent cells. 22 This nuclear retention function is thought to reflect an interaction between EBNA-1, oriP-containing plasmid DNA, and the nuclear matrix chromosomal scaffold and appears to be sufficient to hold plasmid DNA in the nucleus. 23 In primate cells EBV-based vectors replicate autonomously as an episome, and thereby offer the prospect of stable gene transfer without the necessity for integration into the host genome. The increase in the frequency of stable transfection observed with this type of vector is thus due to their maintenance as stable episomal plasmid DNA at two to 50 copies per cell. 20 However, EBV-based plasmid vectors do incur some of the disadvantages of viral vectors with respect to safety. Viral origins of replication require at least one viral protein that may be toxic, oncogenic or immunogenic and often fail to operate correctly under situations of normal cell cycle control as in the cases of SV40 and polyoma-based vectors. 21, 24, 25 Multiple replication cycles may give rise to deletions, recombinations or rearrangements of an unstable plasmid, and increased mutation frequency, as in the case of bovine papilloma virus (BPV)-based replicating vectors. 26 However, EBV appears to replicate only once per cell cycle, genome mutations are rare and EBNA-1 is nontoxic and non-immunogenic when expressed at low levels. 21 Thus, episomal replicating vectors based on EBV have been widely proposed for employment in gene therapy protocols because of attractive toxicity and immunogenicity profiles coupled to dramatic improvement in transgene retention and longevity of expression. This article describes enhanced long-term expression of EBV-based vectors carrying dystrophin transgenes by mouse muscle cells following intramuscular injection of naked plasmid DNA.
An initial study was undertaken to examine the activity of the CMV, RSV and PGK promoters in cultured mouse muscle cells in the context of the EBV-based and conventional LacZ reporter plasmids. In comparative studies the RSV promoter exhibited the highest activity of LacZ transgene expression in C2C12 mouse myotubes (not shown). To characterise and quantify the effects of inclusion of the EBV oriP/EBNA elements on expression of the plasmid transgenes in muscle and non-muscle cells, in vitro transfections with pRSV␤ and pRSV␤ + EB Figure 1C, D and E) ) cells. Cultures were then harvested and ␤-galactosidase specific activity determined at days 5 and 9 as a percentage of that obtained after 16 h. In the case of human 293 cells, EBV-based vectors should exhibit both episomal amplification and nuclear retention activities. Transfection with pRSV␤+EB resulted in expression levels of 98% and 27% at days 5 and 9, whereas with control pRSV␤ these values were 43% and 8% ( Figure 1A) . With mouse NIH3T3 cells, EBV-based vectors should exhibit nuclear retention activity but not episomal amplification. As shown in Figure 1B , ␤-galactosidase activity in transfected NIH3T3 cells at days 5 and 9 were 78% and 10% with pRSV␤+EB compared with 21% and 2% with the control plasmid pRSV␤. A contrasting situation was observed with the differentiating mouse C2C12 myoblast/myotube cultures ( Figure 1C ). At the day 5 time-point similar levels of ␤-galactosidase activity were observed with both the pRSV␤ and pRSV␤+EB plasmids (42 and 44%, respectively). In the case of pRSV␤+EB transfected cells this level was maintained up to day 9, whereas with the control non-EBV plasmid, pRSV␤ the ␤-galactosidase lev- els showed a significant drop. The increased level of LacZ transgene activity at day 9 in C2C12 myotube cultures transfected with pRSV␤+EB as compared with pRSV␤ was confirmed by histochemical staining (Figure 1D and E).
Figure 1 Prolongation of LacZ transgene expression in C2C12 myotubes following transfection with EBV-based expression plasmids. 293 Cells (A), NIH3T3 cells (B), and C2C12 cultures (C) were transfected with pRSV␤ (open bars) or pRSV␤+EB (filled bars), harvested after 16 h, 5 days and 9 days, and assayed for ␤-gal-specific activity. Values for each series at the 5 day and 9 day time-points are normalised and presented as % of those obtained at the 16 h time-point. Values are presented as means ± s.d. of independent cultures (n = 3). C2C12 myotube cultures were also stained for LacZ expression 9 days after transfection with pRSV␤ (D) or pRSV␤+EB (E). Plasmid pRSV␤ was constructed by removing the CMV

Figure 2 Enhanced recombinant dystrophin expression following direct intramuscular injection of EBV-based plasmid DNA in nude/mdx mice. Equimolar doses of mini-dystrophin expression plasmids pRSVDyB(N) (37 g in 25 l: A and open bars in C) or pRSVDyB(N)+EB (50 g in 25 l: B and filled bars in C) were injected into tibialis anterior muscles of 8-to 10-week-old nude
Dystrophin expression plasmids utilising the RSV promoter with or without the EBV oriP/EBNA elements (pRSVDyB(N) and pRSVDyB(N)+EB) were then constructed based upon a 6.3 kb mini-dystrophin cDNA previously characterised in a variety of somatic and germline gene transfer studies in the mdx mouse.
3,9,10 Dystrophin immunolabelled 293 cells and C2C12 myotubes were clearly observed following transfection with both the pRSVDyB(N) and pRSVDyB(N)+EB plasmids (not shown). In 293 cells, approximately twice as many positive cells were found with the oriP/EBNA-containing plasmid compared with the control vector. No qualitative or quantitative differences were discerned in the expression pattern of recombinant dystrophin in C2C12 myotubes transfected with pRSVDyB(N) or pRSVDyB(N)+EB plasmids, but in both cases localisation of immunolabelling to the plasma membrane was confirmed by confocal laser-scanning microscopy.
To evaluate the use of EBV-based plasmid transfection of muscle in vivo in a relevant pre-clinical disease model, recombinant dystrophin expression in nude/mdx mice was examined following intramuscular injection of the pRSVDyB(N) and pRSVDyB(N)+EB plasmids. Equimolar doses of the EBV-based and control plasmids were injected into BaCl 2 regenerated TA muscle in age-and sex-matched groups of animals, and treated muscle tissues examined by dystrophin immunocytochemistry after 1, 4 and 10 weeks using the anti-dystrophin polyclonal antiserum. Specific sarcolemmal immunolabelling corresponding to recombinant dystrophin was obtained in approximately 9-14% of fibres at all time-points with both plasmids (shown at 4 weeks in Figure 2A and B) . The number of transfected fibres was consistently higher in the pRSVDyB(N)+EB-injected compared with the pRSVDyB-injected muscles at all three points ( Figure 2C ): statistical significance between the two plasmid treatments was P Ͻ 0.05 at the 1 and 4 week time-points and P Ͻ 0.1 at the 10 week time-point. The number of dystrophin-positive fibres was stably maintained across the 10 weeks of the experiment, and haematoxylin and eosin staining showed no atypical findings (data not shown).
Skeletal muscle is an attractive gene therapy target not only for treatment of myopathies such as Duchenne muscular dystrophy but also as a platform tissue for ectopic expression of heterologous gene products destined to be secreted into the circulation. In both scenarios, high level and persistent transgene expression levels are crucial ingredients of any prospective therapeutic strategy. Here, we have evaluated in muscle gene transfer studies, the use of plasmid eukaryotic expression vectors harbouring the cis-and trans-acting elements of EBV which are responsible for replication and nuclear retention of episomal DNA. EBV-based vectors have already been used successfully in human cells for high efficiency in a number of gene transfection application. [27] [28] [29] [30] As far as we know, this is the first report of in vivo injection of EBVbased plasmid vectors into muscle in vivo. The EBV origin of replication is usually thought to function only in primate cells although there have been two reports describing the successful use of EBV-based vectors in rat glioblastoma cells 31 and pheochromocytoma PC12 cells.
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EBNA-1 protein acts as a transcriptional regulator/ enhancer through binding to oriP, but the two elements in conjunction can mediate the physical retention of replicating or nonreplication vectors in dividing and nondividing cells via interaction with the nuclear matrix scaffolding. 22 There have been several reports that EBV-based vectors carrying replicon sequences from genomic DNA provide efficient autonomous replication in a variety of mammalian cells, 33, 34 and that even plasmid vector lacking mammalian origins of replication exhibit EBNA-1-mediated nuclear retention in both rodent and primate cells. 34 In the present study, the nuclear retention functions of EBNA-1 and oriP appear to have been functionally active in mouse C2C12 and NIH3T3 cells in vitro, and in mouse muscle in vivo.
Normal muscle tissue is a highly stable post-mitotic cellular system, but in the mdx mouse persistent degeneration/regeneration is ongoing up to a year of age. 35, 36 Under these conditions the nuclear retention functions of EBV-based vectors may be particularly advantageous for the maintenance of expression. As is the case in mdx mice, human DMD muscle exhibits extensive muscle regeneration and hypertrophy except at the later stages of the disease. Thus this muscle may be an ideal target for the direct intramuscular injection of EBVbased dystrophin vectors. The ability of EBV-based vectors to replicate in muscle was not directly addressed in this study because no selection markers were used. Given that episomal replication is restricted to primate cells, it will be of considerable interest to test EBV-based vectors in human muscle cells in vitro. The potential therapeutic use of EBV-based dystrophin plasmid vectors by intramuscular injection at selected focal sites such as the diaphragm may be much more effective in human DMD patients than conventional plasmids. Recently, we have reported the successful direct injection of a mini-dystrophin plasmid (pRSVDy-B) into mdx 4 cv diaphragm muscle fibres. 7, 8 In that study, expression of dystrophin in approximately 17% of diaphragm muscle fibres resulted in significant protection of fibres from the damaging effect of repetitive eccentric lengthening contraction, and the recovery of NO synthase at the sarcolemma. Previous studies in transgenic mdx mice have demonstrated that expression of recombinant dystrophin at levels as low as 20% of normal endogenous levels at the myofibre membrane can completely prevent the development of the dystrophic phenotype.
9,10 If EBV-based plasmid vectors can yield improved efficiency and retention of the dystrophin transgenes at focal muscle sites such as the diaphragm, which impact significantly on the pathophysiology, or in the digits to improve manual dexterity, then their therapeutic use for local gene therapy in DMD patients may be a prospect in the future. In addition, for applications where the focal ectopic muscle expression of heterologous therapeutic transgenes is proposed, the use of EBV-based plasmid vectors with episomal replication and nuclear retention function may likewise prove extremely attractive.
